The change of a material's electrical resistance (R) in response to an external magnetic eld (B) provides subtle information for the characterization of its electronic properties and has found applications in sensor and storage related technologies. In good metals, Boltzmann's theory predicts a quadratic growth in magnetoresistance (MR) at low B, and saturation at high elds. On the other hand, a number of nonmagnetic materials with weak electronic correlation and low carrier concentration for metallicity, such as inhomogeneous conductors, semimetals, narrow gap semiconductors and topological insulators, two dimensional electron gas (2DEG) show positive, non-saturating linear magnetoresistance (LMR). However, observation of LMR in single crystals of a good metal is rare. Here we present low-temperature, angledependent magnetotransport in single crystals of the antiferromagnetic metal, TmB 4 . We observe large, positive and anisotropic MR(B), which can be tuned from quadratic to linear by changing the direction of the applied eld. In view of the fact that isotropic, single crystalline metals with large Fermi surface (FS) are not expected to exhibit LMR, we attribute our observations to the anisotropic FS topology of TmB 4 .
I. INTRODUCTION
Interest in novel magnetotransport phenomena in metallic magnets is driven by technological and fundamental considerations. The technological motivation comes from harnessing the unique functionalities associated with properties such as giant magnetoresistance, while the fundamental motivation arises from discovering and understanding new quantum many body physics. The quest for linear magnetoresistance (LMR) in strongly correlated systems is one such example of fundamental motivation 1 , where ρ(B) is resistivity in magnetic eld B) grows as B 2 at small elds and saturates to a constant value at higher elds 2 . A linear and non-saturating dependence on B denotes a departure from conventional behavior. Notably, LMR has been found to arise from multiple factors ranging from classical [3] [4] [5] [6] [7] [8] [9] [10] to quantum 11, 12 . Discovery and understanding of LMR in new materials, and controlling the underlying mechanism remains an active research frontier 1, .
The super-linear, non-saturating MR observed in non-stoichiometric silver chalcogenides 15 (Ag 2+δ Se, Ag 2+δ Te), 2DEG 26 , Bi 2 Se 3 5 were explained using a classical random-resistor model 3, 4 .
Mobility (µ) 7 and density 10 uctuations, along with space-charge e ect 19 have also been discussed to be the primary origin of LMR in several materials. On the other hand, LMR in single crystals of semimetals 17, 18, 25 , narrow gap semiconductors 20 , topological insulators 21, 22 and pressure-induced superconductors 1 have been explained with a quantum picture 11, 12 . In single crystalline metals with parabolic dispersion, LMR is atypical and only observed previously in some members of the light rare-earth diantimonide (RSb 2 ) and RAgSb 2 [R=La-Nd, Sm] families 27, 28 . Hence, it would be interesting to explore a metal where not only expected quadratic MR is realized, but also a tuning to LMR can be achieved by changing certain experimental parameters, while maintaining the purity and stoichiometry of the single crystal.
We performed low temperature (T ), angle-dependent MR measurements on single crystalline TmB 4 , which belongs to the rare-earth tetraboride family and crystallizes in a tetragonal structure with space group P4/mbm, 127. The typical layered crystal structure of TmB 4 , with 4 unit cells along the c-axis, is shown in g. 1(a). Tm atoms lie in the crystalline ab-plane, arranged in a Shastry-Sutherland lattice structure [29] [30] [31] with approximately equal bond lengths ( g. 1(b)).
Halfway between the Tm layers, planes of boron atoms form a mixture of 4-atom squares and 7-atom rings 31 . There are two di erent types of boron sites in these planes. One type is an exclusive part of the boron plane, whereas the other is part of the boron plane and an octahedral chain along the c-axis 31 . Thus, the crystal structure has both 2D and 3D features.
The low-temperature magnetic measurements carried out earlier [33] [34] [35] [36] on TmB 4 revealed a rich phase diagram with multiple ground states for B applied along the c-axis. The ground state is antiferromagnetic (AFM), up to T = 9.9 K (for B = 0 T) and B = 1.4 T (for T ≤ 8 K). At higher values of B and T, the system evolves to various other magnetic ground states, viz. a narrow fractional plateau phase (FPP), a wide half plateau phase, a modulated phase, and a high-eld paramagnetic phase [33] [34] [35] [36] . Recently, speci c heat measurements described FPP not as a distinct thermodynamic ground state of TmB 4 , but rather as being degenerate with the AFM phase 37 .
Understanding of the various magnetic ground states in TmB 4 has been at the forefront of extensive experimental and theoretical research [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] , although transport properties 34, 36, 42 are relatively less studied. Our previous magnetotransport investigation 36 revealed huge, non-saturating and hysteretic in-plane MR (900% at 7 T for 2 K) with signatures of unconventional anomalous Hall e ect 36 . The large MR along with negative Hall coe cient suggest 36, 43 that the carriers have high electronic µ ∼2.9 m 2 V −1 −s −1 at 2 K.
II. EXPERIMENT
Here, we focus on angle-dependent low-temperature magnetotransport experiments in TmB 4 in its AFM phase (B ≤ 1.3 T and T ≤ 5 K). A schematic of the experimental arrangement and the main result of this work are shown in g. 1(c), where θ is the tilt angle between B and c-axis.
We nd an unexpected linear MR, tunable to quadratic by varying θ . Single crystals of TmB 4 were grown in a solution growth method using Al solution. Details of the crystal growth can be found elsewhere 35 . For MR measurements, the crystal was oriented 36 and cut into pieces with its faces along (001) direction using a tungsten wire. A rectangular piece of dimensions ∼ 0.434 mm × 0.516 mm × 0.226 mm (weighing ∼ 0.35 mg) has been used for the measurements. The measurement was done in a standard four point probe method using a Quantum Design Physical Property Measurement System (PPMS). The contacts were made with electrically conductive silver epoxy paste (EpoTeK E4110) and gold wires of diameter 25 µm and 50 µm as connectors for voltage and current contacts respectively. All measurements were conducted well within the AFM phase (B ≤ 1.3 T and T ≤ 5 K). The angle-dependent magnetotransport measurements were performed by placing the sample on a precision steeper controlled horizontal rotator puck, which can move around an axis perpendicular to B. The excitation current (1.8 mA and 5.0 mA) was applied parallel to the ab-plane and B was applied along various directions, relative to the crystal c-axis [see g. 1(c)]. The linearity of current-voltage was ensured at both 300 K and 2 K prior to the magnetotransport measurements. We found in all cases that the MR is minimum at B = 0. The raw data of MR was then symmetrized to re ect the expected B to −B invariance, and is plotted in g. 3(a). For the anisotropic magnetoresistance (AMR) measurements, R was measured as the sample was rotated continuously at a xed B and T. Figure 2 depicts the metallic 36 T dependence of the in-plane resistivity (ρ ab ) of TmB 4 in a longitudinal (B c-axis) eld with varying eld strengths. At room temperature 36 , the zero-eld resistivity, ρ ab (B = 0) is 5 × 10 −7 Ω m and decreases monotonically with decreasing T down to 12.9 × 10 −9 Ω m at 2 K giving residual resistivity ratio (RRR= ρ 300K ρ 2K ) = 38. The RRR value is either comparable or even slightly higher than the previously studied TmB 4 crystals 34, 42 , suggesting a good quality crystal with a moderate amount of impurity. At B = 0, the ratio of ρ ab to the c-axis resistivity 36 , ρ c , is 0.454 at 2 K. Loss of spin-disorder-scattering causes a sudden drop in ρ ab at 11.9 K (at B = 0) as the system undergoes an magnetic phase transition from the paramagnetic to the modulated phase. Following this second order phase transition, a rst order phase transition appears at 9.9 K (B = 0) as the system moves from the magnetically ordered modulated phase to AFM state. Under B, these transition-T s shift to lower values. As shown in the inset of g. 2, zero-eld dρ ab dT shows maxima at T = 9.9 K and 11.9 K, indicative of the above-mentioned phase transitions. For T ≤ 9 K, dρ ab dT decreases linearly with decreasing T down to 4 K, implying a T 2 variation of resistivity and is almost T independent in the lower T regime. This T 2 dependence of resistivity at low T, in a metal with magnetic ordering can arise either from e − e scattering or scattering of conduction electrons from magnons 44 . A dominant e−magnon contribution results in a negative MR due to the suppression of magnons 45 under B. However, unlike magnetic metals, TmB 4 exhibits a positive MR and ρ ab increases with B ( g. 2). This rules out scattering from magnons as the primary source of resistivity in TmB 4 and only e − e scattering persists in accordance with Fermi liquid theory (ρ ab = ρ 0 + βT 2 , where ρ 0 is the residual resistivity). ρ c (T ) also follows a similar T 2 behavior 36 . The coe cient β is inversely proportional to Fermi temperature and is set by the exponent of T rather than the residual resistivity 46 . While for the in-plane transport, β = 1.6 × 10 −10 Ω m K −2 , its out-of-plane value is 83 × 10 −10 Ω m K −2 . T. At B = 0, the transition from the paramagnetic state to modulated state occurs at 11.9 K and transition from modulated phase to AFM phase occurs at 9.9 K. ρ ab increases and transition temperature decreases as B is increased. For the angle-dependent magnetotransport measurements, we consider the lower part and almost T -independent, suggesting the MR is not due to the phonon scattering 20 .
III. RESULTS AND DISCUSSIONS
Furthermore, we nd MR to be anisotropic. We de ne anisotropic magnetoresistance (AMR(θ ))
, where R(θ ) is the resistance at any θ , measured at a constant B and T , and R min is the minimum resistance obtained as θ is varied. In g. 3(b), we show the variation of AMR(θ ) at T = 3 K for B = 1.0 T. AMR is maximum for B c-axis and diminishes as B is rotated away from the c-axis. The data can be satisfactorily t with a |cos θ | dependence. This suggests a (quasi-)2D
FS 2, 18, 25 , where MR responds to the perpendicular component of the applied eld, B |cos θ |. The anisotropic MR further suggests an anisotropy in the electronic e ective mass 25 . AMR shows two-fold symmetry (inset g. 3(b)).
To quantify the evolution of MR from linear to quadratic, we t MR(B, θ ) to here. The low density and small e ective mass of the carriers due to the linear band crossing, ensure that they can be con ned to the lowest Landau level, and thus reach the extreme quantum limit even at small (longitudinal) applied elds. This results to a LMR 11, 12, 24, 47 and is given by,
provided that the carrier concentration (n e ) satis es n e The low e ective mass of the carriers further gives a T -limit for lowest Landau level con nement (see Supplementary information) which is indeed satis ed in our experiments 49 A band crossing is observed exactly at E F with linear dispersion in the k x − k plane at Γ .
Finally, the absence of LMR for transverse magnetic elds can also be understood from the anisotropic FS topology. Being a layered material, the small pockets in the k x − k plane of TmB 4 are believed to originate from the overlap of bands close to the FS due to the inter-layer coupling.
Consequently, there are no such pockets at corresponding points on the surface of the BZ in the XY plane. Since magnetotransport of a solid is governed by the external cross section of the FS along the eld direction 18 , only the quadratic contribution of the total conductivity persists for B applied along the principal plane. This picture, based on the topology of the FS of TmB 4 , qualitatively explains the experimental observation of tuning MR from quadratic to linear as the eld direction is rotated.
It should be noted that the above discussion is a plausible, rather than a rigorous elucidation for the origin of LMR in TmB 4 . The present explanation depends crucially on the existence of a linear band crossing very close to the FS in the k x − k plane. Unfortunately, DFT is unable to capture the e ects of strong correlations with high accuracy, therefore one must regard the interpretation as tentative and a much rigorous analytic calculation is indeed required for better insight into the problem. However, it is interesting that the present approach based on anisotropic FS topology within the quantum linear magnetoresistance framework is consistent with the experimental observations. It thus provides a useful platform for further studies of this compelling phenomenon.
IV. SUMMARY
In summary, we have discussed the tuning of MR from linear to quadratic in single crystalline metal, TmB 4 , by rotating B relative to the crystal c-axis. We give a plausible explanation of the LMR in this metallic system based on its FS topology within the quantum linear magnetoresistance picture, which predominantly holds true for semimetals and topological insulators. We argued that the linear dispersion near E F and the subsequent Fermi pocket in the FS of TmB 4 , arising from its layered structure, give rise to a LMR in an otherwise normal metal and its complex FS topology governs the tuning of in-plane MR from quadratic to linear. pocket e is tricky, since the pocket is reduced to a point in the zero-eld rst principle calculations. However, as a rough estimate, we can use the calculated value for the other smallest Fermi pockets 31 , viz., n e (∼ 10 24 m −3 .). 51 A comparison between the residual resistivity (RR) of our sample and similarly grown TmB 4 crystals with known impurity density 52 allows us to estimate N i (assuming the RR arises solely from scattering of electrons o impurity), as 10 21 m −3 . For details, see Supplementary information.
